Abstract. Crystal morphology engineering of a macrolide antibiotic, erythromycin A dihydrate, was investigated as a tool for tailoring tabletting performance of pharmaceutical solids. Crystal habit modification was induced by using a common pharmaceutical excipient, hydroxypropyl cellulose, as an additive during crystallization from solution. Observed morphology of the crystals was compared with the predicted Bravais-Friedel-Donnay-Harker morphology. An analysis of the molecular arrangements along the three dominant crystal faces [(002), (011), and (101)] was carried out using molecular simulation and thus the nature of the host-additive interactions was deduced. The crystals with modified habit showed improved compaction properties as compared with those of unmodified crystals. Overall, the results of this study proved that crystal morphology engineering is a valuable tool for enhancing tabletting properties of active pharmaceutical ingredients and thus of utmost practical value.
INTRODUCTION
The successful development and commercialization of an active pharmaceutical ingredient (API) require adequate processability, stability, and bioavailability (1) . However, APIs with desired biological activities rarely exhibit adequate physical properties to meet all of the requirements. Crystal engineering, the design of molecular solids in the broadest sense (2, 3) , is gaining an increased interest within the pharmaceutical industry because it enables preparation of materials with tailored physical properties.
One persistent challenge in the development and manufacturing of APIs is poor tabletting performance (4, 5) .
Crystal habit, or morphology, is a crucial attribute of powdered materials that affects the ease with which a pharmaceutical formulation can be pressed into a tablet. In particular, equidimensional crystals are usually preferred in the industry as they have better handling and processing characteristics such as flowability and compactability (6) (7) (8) . Crystal morphology engineering is therefore a valuable tool to enhance processing properties of solid materials for a specific formulation.
Control of crystal morphology can be achieved by solvent selection (9) (10) (11) (12) and/or tailor-made additives (13) (14) (15) . In the context of pharmaceutical solids, the solvent-induced crystal habit modification approach is limited by the solvent toxicity and cost, crystallization efficiency, and the purity requirements of the final product. Hence, the use of additives as crystal habit modifiers of APIs is usually preferred. Furthermore, employing pharmaceutically accepted excipients as additives represents the most practical alternative for such a highly regulated industrial sector as the pharmaceutical industry.
This study therefore aims to (1) investigate crystallization in the presence of pharmaceutically accepted excipients as a tool for crystal morphology engineering of APIs and (2) evaluate compaction properties of the additive-modified crystals. Erythromycin A dihydrate (EMAD; Fig. 1a ), a widely prescribed macrolide antibiotic possessing poor compaction properties, was selected as a model API, while hydroxypropyl cellulose (HPC; Fig. 1b ) was chosen as a crystal habit modifier, based on the preliminary additive screening experiments in our laboratory.
MATERIALS AND METHODS

Materials
EMAD (MW=770 g/mol; Sandoz, Italy) was used as received. HPC (Fluka, Buchs, Switzerland) was used as additive. Ethanol of analytical grade and purified water (Ph. Eur.) were used as solvents.
Methods
Additive-Mediated Crystallization
The crystallizations (n=3) were carried out by precipitation technique at ambient temperature, as schematically shown in Fig. 2 . Briefly, a saturated solution of the drug in ethanol was slowly poured into an aqueous solution of HPC of varying concentrations under constant stirring and the experiments were completed at solvent to antisolvent ratio of 1:9 (v/v). The solvent system that yields the desirable dihydrate form of the model API has been identified in our previous study (16) . The additive concentrations in the crystallization medium studied were 0, 0.45, 2.25, or 4.5 wt. % (hereafter referred to as reference, L crystals, M crystals, and H crystals, respectively).
Physical Characterization of Solid Materials
Powder X-ray diffraction (PXRD) studies were done using a theta-theta diffractometer (D8 Advance, Bruker axs GmbH) fitted with a scintillation counter. The experiments were performed in symmetrical reflection mode using a CuKa radiation source (wavelength 1.54 Å) with Göbel Mirror bent gradient multilayer optics. Data points were collected between 5°and 40°2θ with steps of 0.1°and a measuring time of 1 s per step.
A Scanning electron microscope (SEM) images were recorded with a Zeiss DSM-962 (Carl Zeiss, Oberkochen, Germany) scanning electron microscope at an acceleration voltage of 4-15 kV and were used to examine crystal morphology. Prior to the capturing, the samples were attached to double-sided carbon tape and coated with 20 nm platinum using an Agar sputter coater B7304 (Agar Scientific Ltd., Stansted, UK).
Analysis of the Drug Content
The content of erythromycin A was determined as the average of two high-performance liquid chromatography (HPLC) determinations according to the method described in the European Pharmacopoeia (fifth edition). The HPLC system consisted of a Waters 600E Multisolvent Delivery System, autosampler 717, and programmable photodiode The amounts of the additive, A (%), possibly adsorbed by the crystal surfaces were estimated as follows:
Evaluating Powder Compaction Properties
Crystal compaction behavior was evaluated with an instrumented eccentric tablet machine (Korsch EK0, Erweka Apparatebau, Germany). For each experiment, the powder (250±10 mg) was manually poured into a die and compacted at compression pressures varying in the range from 2,800 to 6,300 N by using 9-mm-diameter flat-faced punches. Crushing strength of the tablets was measured using a tablet hardness tester (Erweka, Germany). In addition, the elasticity of the materials was evaluated in terms of elasticity factor, EF, calculated using the following equation:
where s max is the maximal upper punch displacement; s 0 is the upper punch displacement when force is noticed first; and s 0d is the upper punch displacement in the decompression phase when force has dropped to zero. The details of the procedure can be found elsewhere (17) .
Simulation of Powder Diffraction Data and Molecular Modeling
The single crystal X-ray diffraction data for EMAD (18) (refcode: NAVTAF) were retrieved from the Cambridge Structural Database. The theoretical powder X-ray diffraction pattern was calculated, and the Miller index of each diffraction peak was assigned using the Diffraction-Crystal Module of Cerius (2) . The theoretical growth form was computed by using molecular simulation software (Mercury, Cambridge Crystallographic Data Center, CCDC, Cambridge, UK, v. 1.5) according to the Bravais-Friedel-Donnay-Harker (BFDH) theory. The same software was used for crystal structure visualization.
RESULTS
Effect of Additive Concentration on the Crystal Morphology
The visual comparison of the observed crystal morphology on the SEM images (Fig. 3) revealed that the effect HPC exhibits on the crystal habit of EMAD is concentration dependent. The reference crystals (Fig. 3a) showed a range of shapes, from irregular to acicular and plate like. One explanation of such diverse morphology is fast crystal growth (most likely due to the high degree of supersaturation) that prevents the formation of fully developed crystals. On the contrary, the additive-treated crystals all exhibited characteristic morphology. Specifically, crystallization in the presence of 0.45 wt.% of HPC yielded plate-like crystals (Fig. 3b) . Upon further increase in the polymer concentration to 2.25 and 4.5 wt.%, elongated plate-like crystals (Fig. 3c) were produced. 
Predicted Morphology of the EMAD Crystals
To better understand particular morphological effects with respect to the present crystallizing system, the predicted BFDH morphology of the EMAD crystal was visualized (Fig. 4a) . Application of the BFDH theory is a quick approach for identifying the crystallographic forms {hkl} most likely to constitute a crystal habit. According to the BFDH theory, the relative growth rate of a face is inversely proportional to the interplanar spacing d and hence the most morphologically important faces of the crystal are those that have the biggest d values (19, 20) . In the case of EMAD, these planes are (002) (d=23.6 Å), (011) (d=9.4 Å), and (101) (d=9.0 Å), as determined by indexing the single crystal data. Consequently, the predicted shape of EMAD is plate like, slightly elongated along b direction, and bounded by faces (002), (011), and (101). In addition, small (110) faces appear as the boundary between the (011) and (101) crystal faces. The comparison of this model with the observed morphology of the crystals indicates that the morphology of L crystals (Fig. 4b) is in reasonable agreement with the BFDH model.
Solid-State Properties of the HPC-Modified Crystals
Additive-mediated crystallization is often employed to produce a desirable solid-state modification of the API (14, 21, 22) and thus can cause unwanted solid-phase transformations (23, 24) . Therefore, solid-state analysis was further performed to examine the effect of HPC on the physical form of the model API. Comparison of the computed PXRD pattern for EMAD and the experimental patterns (Fig. 5) revealed that, apart from intensity differences, which can be attributed to preferred orientation in the samples, there was an excellent correspondence between the peak angular positions. In addition, no amorphous halo was observed in the experimental PXRD patterns. Therefore, it can be concluded that no phase transition occurred during crystallization and all crystals represent phase-pure EMAD.
Further, the reflections associated with the dominant crystal faces were examined more closely. The reflection corresponding to the (002) crystal plane appears at around 3.7°2θ and hence could not be detected with wide-angle PXRD. The diffraction peak associated with the (011) plane is poorly resolved due to its low relative intensity. The intensity of the diffraction peak corresponding to the (101) crystal plane in the patterns of M and H crystals was observed to slightly decrease as compared with that of L crystals or the reference. This result suggests a reduced frequency of the (101) planes in the M and H crystals. EMAD is capable of forming an isomorphic dehydrate (16, 25, 26) . Thus, the water content analysis was performed to verify the hydration state of the model API. According to the results of KF titration, the water content of the additivemodified crystals was 4.5±0.12, 4.2±0.08, and 3.9.±0.16% for L, M, and H crystals, respectively. These values are in agreement with the theoretical water content (4.7%) of EMAD.
Further, possible interactions between the drug and polymer were examined by DSC. The analysis of the DSC thermograms of the samples showed that some melting point depression (by ∼2-3°C) and reduction in enthalpies (from 4.5 to 3.4-3.9 J g −1 ) was a common tendency for the HPCmodified crystals. These reductions in enthalpy of melting may be caused by the presence of amorphous regions in the crystals or by the weakening and disruption of the crystal lattice and order (4). However, no crystalline disorder was detected by PXRD, which does not suggest significant generation of amorphous material. Thus, the peak shifts and enthalpy deviations revealed by DSC may be attributed to interactions between the EMAD crystal surface and the adsorbed additive. Quantitatively, it was approximated that about ∼0.2-0.4 wt.% of the polymer may associate with the EMAD crystal faces when the crystallization was performed in the presence of HPC.
Effect of the Additive on Compaction Behavior
The effect of the crystal habit modification on the compactibility of EMAD was evaluated by plotting the crushing strength of powder compacts vs. compaction pressure. These data showed that the compaction behavior of the additive-modified crystals was superior to that of either the commercial sample or the reference. In particular, compaction properties of both the commercial sample and the reference were extremely poor, as indicated by severe capping of their compacts in the whole pressure range studied. The compacts produced from the HPC-modified crystals, in contrast, demonstrated a linear relationship between the crushing strength and the compaction force applied, especially in the low pressure range (<5,000 N; Fig. 6a ).
DISCUSSION Molecular Insight into the Nature of Host-Additive Interactions
Considering the general effect of the additives on crystallization kinetics, it can be assumed that with addition of HPC to the crystallization medium the mean growth rate is suppressed and altered growth rates of individual crystal faces result in crystal habit modification. Theoretically, EMAD is expected to grow as plates with the fastest growth along the b-axis as this direction has the strongest drug-drug intermolecular interactions (27) and one of the shortest unit cell dimensions (b=9.632 Å). The growth rate along the a-axis (a=9.183 Å) should be of the same magnitude since this direction bears drug molecules H-bonded through the water molecules. The morphology of L crystals grown in the presence of 0.45 wt.% of the additive reassembles the BFDH model. Upon increase in the additive concentration, EMAD grows as more elongated crystals, apparently with decreased growth rate along the b-axis.
Structural anisotropy of organic crystals, including APIs, gives rise to the substantial differences in surface chemistry of their terminating faces (28, 29) . In order to reveal the specific functional groups exposed to the dominant crystal faces of EMAD, surface chemistry analysis of these faces was performed using molecular modeling tools (Table I and Fig. 7 ). This analysis revealed that the largest (002) face of the crystal is likely to be -N(CH 3 ) 2 -terminated and thus develops the most hydrophobic crystal face, while the (011) face is the most hydrophilic, with the two water molecules being exposed to this face.
Cellulose derivatives have been previously shown to be capable of interacting with the drug molecules via H-bonds (28, 30, 31) . We assume that the polymer reversibly interacts with the EMAD crystal surfaces, especially with (011) and (101), during crystallization thus suppressing overall crystal growth. Possible interaction sites of HPC with the crystal surface are those where the water molecules are bonded to the drug. Specifically, the hydroxyl groups of HPC may interact with the EMAD surface via the H-bonds O6...HO-HPC, . 1a) . Clearly, the suppressing effect of an additive on the crystal growth should increase as a function of its concentration in the crystallization medium. At relatively low additive concentrations, this effect is less pronounced due to insufficient number of HPC molecules (or more precisely, specific functional groups) and more equidimensional crystals are produced. As additive concentration increases, more HPC molecules are available and the probability of the host-additive interactions increases. Under these conditions, the preferred adsorption of HPC at the {011} crystal faces leads to retarded crystal growth in the b direction and this effect is macroscopically seen as elongated EMAD crystals.
Relationship Between the Crystal Morphology and Tabletability
At the fundamental level, behavior of the material during tablet compression, including capping phenomena, is defined by internal structure of the crystal (8, 32, 33) . At the same time, crystal habit is known to influence compaction profile through its effect on the relative orientation of the crystallites during compression (34, 35) . Since all the crystals produced in this study had the same solid-state structure, as verified by PXRD, the differences in their compaction behavior can be attributed to the modified crystal habit. In general, less equidimensional crystals (such as M and H crystals) have a tendency to pack preferentially, with their longer dimension(s) oriented normally to the compression axis. This is a possible explanation for producing weak compacts containing M or H crystals at higher compaction pressures (see Fig. 6a ). An improved tabletting performance of more equidimensional L crystals is likely due to their random orientation during compression. Furthermore, the additive-induced modification of the crystals was found to alter their elastic properties. In the particular case of L crystals, the improved tabletability correlated with the least and almost constant elastic response within the whole range of compaction forces studied (Fig. 6b) . Future studies that will employ various predictive tools (36, 37) are, however, needed to relate the crystal habit with tabletting performance of the pharmaceutical materials.
CONCLUSIONS
Crystal morphology engineering proved to be an effective tool for enhancing tabletting performance of pharmaceutical solids. By using pharmaceutically accepted excipients as crystal habit modifiers, toxicity and/or environmental concerns can be overcome. In long-term perspective, this study creates a basis for developing strategies to redefine APIs as a drug substance plus excipient(s) to eventually produce pharmaceutical materials with desirable properties during the bottom-up unit operation such as crystallization, thus avoiding potential problems during further formulation steps. 
